Programmed-Temperature Injector for Large-Volume Sample
Introduction in Capillary Gas Chromatography and for Liquid Chromatography-Gas Chromatography Interfacing Jacek Staniewski,*' Hans-Gerd Janssen, Care1 A. Cramers, and Jacques A. Rijks Abstract. The introduction of large sample volumes in capillary gas chromatography is becoming increasingly important in various application areas. Especially in the analysis of very dilute samples (e.g., environmental samples) and in coupled LC-GC, large volume sampling is extremely important. Programmed-temperature sample introduction is shown to be an attractive technique for these purposes.
In this paper we present some applications of large volume sampling in environmental analysis. Water samples were analyzed using both off-line and on-line extraction with gas chromatography (GC) analysis. In the off-line method, pollutants were extracted into hexane or methylene chloride. Using the programmed-temperature injector, up to 250 pL of the extract could be introduced into the GC system. In this way, reproducible quantitative analyses of PAHs and herbicides were achieved at sub-ppb concentrations using flame ionization detection. In the on-line mode, pollutants were preconcentrated on a short liquid chromatography (LC) column packed with a PLRP-S solid phase extraction material. After the trapping step, the components were desorbed by ethyl acetate and transferred directly into the programmed-temperature vaporizer (PTV-GC system. Using this method, detection limits below about 1 ppb of herbicides in water were obtained.
INTRODUCTION
Although capillary gas chromatography (GC) is a highly efficient separation technique and the development of sensitive and selective detectors has significantly improved detection limits, in many cases off-line or on-line preconcentration and/or selective preseparation are required.
Off-line methods of sample treatment are widely used due to their technical simplicity and ease of operation; however, they are time-consuming and require many sample handling steps which can lead to losses of components of interest. Despite these drawbacks, the use of microextraction [l-31 or solid-phase extraction [2-61 in preconcentration and clean-up of environmental samples is widely used. The enrichment factors obtained, i. e., typically 100-200, can be increased by further extract preconcentration to reach the required detection limits.
Due to recent trends towards fully automated analyses, a rapidly increasing interest can be observed for on-line coupled liquid chromatography-gas chromatography (LC-GC). On-line LC-GC avoids many problems associated with inevitably labor-intensive, off-line techniques. It allows the selective isolation of LC fractions for direct capillary GC introduction. Besides this, identification is greatly facilitated due to the strongly reduced matrix interference for components of interest. Selective enrichment of large-volume samples by on-line LC-GC results in improved detection limits and leads to more reliable analytical information.
For an optimized and compatible on-line LC-GC system, either the LC equipment must be adapted to the GC requirements or the GC instrument must be made compatible with very large LC fractions. Micro-LC or micro size exclusion chromatography (micro-SEC) can be coupled directly to capillary GC [7-111. In a different approach [12-161 two main problems are involved: interfacing and solvent evaporation. Three types of interfaces are described in the literature [17-201: auto-injection, eluent feed interface (oncolumn interface), and gas feed interface (looptype interface).
To facilitate the solvent evaporation process and to obtain narrow input bands for the solutes in the analytical column, many different techniques have been proposed: retention gap techniques [20-231, concurrent solvent evaporation [20,24] , programmed-temperature vaporizer (PTV) injections [25, 26] , injections on a packed precolumn [27, 28] , a specially designed device incorporating a 500 pL reservoir [29] , and selective solute trapping from vaporized samples [30] . Currently, the first two techniques (i.e., retention gap techniques and concurrent solvent evaporation) are used for solvent removal in coupled LC-GC.
The PTV injector has hardly been used, thus far, for large-volume sample introduction, because of observed losses of the more volatile components [26, 31] . In previous work [32-341, we have systematically studied the influences of various parameters on the solvent elimination process and component trapping efficiencies in PTV injectors. High purge gas flows at reduced inlet pressures during solvent elimination greatly facilitate solvent removal, while subambient initial liner temperatures and liners with sintered porous glass beds promote high trapping efficiencies.
The aim of this work was to study the applicability of the programmed temperature injector for large-volume sample introduction in capillary GC. The on-line combination of LC enrichment and GC analysis employing the PTV injector as an interface is described. This interface effects direct sample transfer, solvent elimination, and solute refocusing in the GC column. The potentials of the system are demonstrated by a number of environmental applications. 
EXPERIMENTAL

Instrumentation.
The overall schematic of the system used in off-line or on-line analysis is presented in Figure 1 . It consisted of an HP5890 gas chromatograph (Hewlett Packard, Avondale, PA, USA) equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD), and provided with a programmed temperature injection system with a septumless head (KAS 502, Gerstel GmbH, Miilheim a/d Ruhr, Germany). The FID was the analytical detector, while the TCD was used to monitor the solvent elimination process. The carrier gas flow system was modified to facilitate solvent elimination. The equipment and procedures for solvent elimination have been described in detail in previous papers [32-341. 
An
Omega System (Perkin Elmer, Norwalk, USA) was used for data acquisition.
In off-line analyses, the samples (hexane or methylene chloride extracts) were introduced into the PTV injector liner by means of a microprocessor-controlled syringe pump (SPS, Gerstel GmbH). The sample flowed from the syringe pump to the injector via a fused silica or metal capillary.
The LC system used in the on-line experiments is presented in Figure 2 . This system enabled online preconcentration and phase switching of components from water. It consisted of two pumps (not shown), three six-port valves, and an LC trapping precolumn. The first valve (valve #1) was used as the sample introductionvalve and contained a 1.1 mL sample loop. A "Micro-Feeder MF-2" syringe pump (Azumadenkikogyo, Japan) was connected to this valve. The effluent (2 R methanol in water) delivered by this pump allowed transfer of aqueous samples from the loop to the LC precolu r n . The 10 mm x 2 mm i.d. trapping precolumn (Chrompack B.V., Middelburg, The Netherlands) was packed with a 10-pm styrene-divinylbenzene copolymer (type PLRP-S, Polymer Laboratories, Church Stretton, Shropshire, UK). The precolumn was placed between switching valves #2 and #3. Valve #2 allowed switching from the preconcentration step to the desorption step. A syringe pump (SPS, Gerstel GmbH) used to supply the desorption solvent (ethyl acetate) was connected to valve #2. Using valve #3 the effluent from the PLRP-S column can be fed to waste or transferred directly to the PTV injector. Valves #2 and #3 were pneumatically actuated and controlled by a time-programmer (Kipp & Zonen, Delft, The Netherlands). Helium was used as the carrier gas at an inlet pressure of 100 H a .
Materiak. All solvents (n-hexane, methylene chloride, ethyl acetate, and methanol) were of analytical grade. They were additionally purified by distillation in an all-glass apparatus equipped with a Vigreux column. A concentrated mixture of polycyclic aromatic hydrocarbons (cf Table I ) was prepared in methanol (conc. ca. 700 ppm). The PAH reference solution and a mixture used for spiking the water samples were obtained by diluting this concentrated mixture one hundred times with hexane or methanol, respectively. A solution of thirteen herbicides (cf Table 11 ) in ethyl acetate at a concentration of 1 ppm was used both for spiking the water samples and as a reference solution.
Procedures. In the off-line analysis of water samples the components were analyzed after extraction into hexane or methylene chloride. The extraction by hexane was performed using a 100 mL glass-stoppered volumetric flask. It was accomplished by shaking 1 mL of hexane with 100 mL of water sample. The extraction by methylene chloride was performed using a 150-mL glass-stoppered separation funnel with a Teflon valve. For extraction, 2 mL of methylene chloride were added to 100 mL of the water sample. The resulting mixtures were shaken vigorously for 2 min and allowed to separate. Separation of the two phases was complete after about 5 min. The methylene chloride extract was then transferred to a 5 mL vial. The 1 mL syringe of the SPS pump was filled with the hexane or methylene chloride extract. The syringe was previously rinsed with about 250 pL of the extract. Extracts were taken directly from the volumetric flask (hexane extract) or from the vial (methylene chloride extract) without any drying or preconcentration. A volume of 250 pL of the hexane extract was introduced into the PTV injector liner at a rate of 80 pL mid. The methylene chloride extract (125 pL) was introduced at a rate of 125 pL min'.
In the on-line analysis, the water samples were introduced into the system via a sample loop and transferred to the LC precolumn with 2 % methanol in water. The LC precolumn was activated prior to transfer with about 0.35 mL of effluent. The "Micro-Feeder MF-2" pump delivered the effluent with a 0.33 mL min-' flow rate. After activating the LC precolumn, the sampling valve was turned to the inject position and the sample was transferred to the precolumn. The volume of effluent used to transport the sample from the sample loop to the adsorption column was 1.5 mL. Apart from serving as a carrier fluid, this volume of effluent also serves for clean-up of the sample. After cleanup, valve #2 was switched to the desorption position. Ethyl acetate, supplied by the SPS pump at a 25 pL min' flow rate, was used for desorption of the components from the precolumn. After a certain time (85 s) during which the methanol/- water effluent was removed from the LC precolumn, valve #3 was actuated and the components were extracted by ethyl acetate and introduced into the PTV injector liner. When 50 pL of ethyl acetate had been transferred, valve #3 was switched back to waste. Another portion of ethyl acetate (about 50 pL) was used for cleaning the precoluma. The outlet of the transfer line was kept in the injector which caused the effluent from the capillary to be backflushed due to the slight overpressure in the injector. The solvent elimination process was monitored using a TCD. At the end of the solvent elimination process, the transfer line was withdrawn from the PTV injector and the GC analysis was started.
The operating conditions used for solvent elimination in the off-line and on-line analyses were as follows: initial liner temperature, 0°C; purge gas flow rate, 620 mL min-'; and inlet pressure during solvent elimination, about 20 kPa. Table I ). A deactivated liner which contained a sintered porous glass bed was installed in the PTV injector. The recoveries of the components were calculated from the normalized peak areas (expressed in area counts per ng of component) of the analyzed samples and the reference solutions. The nonnalized peak areas of the reference solutions were determined by cold splitless injection.
Min
RESULTS AND DISCUSSION
PTV injection systems have proven to be extremely flexible injection devices for GC. Apart from being used as a conventional injector (i. e., in cold split or splitless mode) the PTV injector can also be used for large-volume sample introduction in capillary GC systems or to interface LC and GC. Solvent elimination at reduced inlet pressures and high purge gas flows greatly facilitate removal of the solvent [32] . Subambient initial liner temperatures and liners with sintered porous glass beds [33, 34] were used to achieve high trapping efficiencies of the components in the liner.
In the present study, components present in water at very low concentrations (below 1 ppb) were analyzed after extraction into hexane or methylene chloride. A one-stage microextraction technique was chosen because of its simplicity. In this method a high preconcentration factor can be obtained with a minimized risk of contamination or sample loss. Large extract volumes were introduced into the PTV injector liner without any preconcentration.
A representative chromatogram of a 250 pL hexane extract of four PAHs from water is presented in Figure 3 . The concentrations of the polycyclic aromatic hydrocarbons in the water sample were 0.07 ppb (0.07 pg L-I). As can be seen from the chromatogram, extremely low concentrations of PAHs in water can be analyzed using the procedure described here. The overall recoveries for these pollutants are presented in Table I for two concentration levels. At a concentration of 0.2 ppb, fluorene, phenanthrene, and pyrene could be determined quantitatively. At a lower concentration of 0.07 ppb, recoveries of 85% to 100% were obtained for these compounds. The recoveries of pmethylnaphthalene were observed to be only 65% to 80%. It was found that the main source of losses was the injection step. Introduction of a 250 pL hexane solution of the four PAHs (concentration ca. 20 ppb) under similar operating conditions gave quantitative trapping for fluorene, phenanthrene, and pyrene, while only 85% of the pmethylnaphthalene was trapped. For the determination of polycyclic aromatic hydrocarbons in water, very good reproducibilities were achieved. The relative standard deviation for five successive experiments (both extraction and injection) was in the range of 1.5 % to 6%. Figure 4 shows a chromatogram of a 250 pL hexane extract of herbicides fortified in water to 0.13 ppb. From the thirteen herbicides added to the water, only eight were extracted into hexane. For the herbicides that were extracted ( c j  Table 11 ), relatively high recoveries varying from 65% to almost 90% were obtained. As can be seen from the chromatogram in Figure   5 , which represents a 125 pL methylene chloride extract, the use of methylene chloride improved the extraction yields of the herbicides. However, because of the partial solubility of methylene chloride in water, an internal standard is required for quantitative analyses. Table II ). In the on-line analysis, a short LC column packed with a PLRP-S solid-phase extraction material was used for preconcentration of pollutants from water. Ethyl acetate was used for desorption [35] . To introduce the desorption solvent into the GC system, the PTV injector was used as the interface. It was found that 50 pL of ethyl acetate sufficed to desorb the herbicides from the LC column. Figure 6 shows a chromatogram obtained in on-line coupled LC enrichment and GC analysis of a 1.1 mL water sample spiked with herbicides at a level of 2 ppb. Table I1 summarizes the recoveries of herbicides, which were found to vary between 20 % and 88%. As can be seen from the results in Table 11 , one of the herbicides (Terbacil) was not detected. To find the reason for this, two experiments were carried out. In the first experiment, blank water was passed through the PLRP-S adsorption column which was subsequently desorbed with ethyl acetate. The ethyl acetate eluent was transferred to the PTV injector. Then the transfer capillary was withdrawn from the injector. Immediately after this, 1 pL of the standard solution of the herbicides in ethyl acetate was injected into the PTV and the analysis was started. In this experiment, which simulated the conditions of the on-line analysis with a complete transfer of all herbicides from the LC Min precolum into the PTV injector, the Terbacil peak in the chromatogram was again absent. In the second experiment, carried out immediately after the previous one, 1 pL of the standard solution was also introduced. In contrast to the first experiment, the ethyl acetate introduced to the GC system contained no water. In this experiment the Terbacil peak showed up in the chromatogram at the expected response level. From this it is concluded that loss of Terbacil can be caused by traces of water introduced into the GC system. However, the experiments cannot prove that Terbacil was introduced into the PTV injector in the on-line analysis. At this moment it is not yet clear whether water causes decomposition of Terbacil or affects the adsorption behavior of this compound. This effect of water on the performance of the PTV-GC system was not observed for the rest of the herbicides, which did not give significantly different responses in these two experiments.
The on-line method described here was used for screening of different table and mineral waters for plasticizers from plastic containers, in which these waters were sold. A representative chromatogram is presented in Figure 7 . The main pollutant was found to be present in concentrations up to 10
Microextraction with subsequent GC analysis of a large fraction of the extract results in very high enrichment factors (up to lo4). Due to the extremely high enrichment factors, highly favorable detection limits can be obtained. Using the FID, it is possible to quantitate components at sub-ppb levels. By applying more sensitive and selective detection techniques (NPD, ECD, or PID) it should be possible to quantitate components in sub-ppt concentrations. The method reduces the total analysis time and gives more reliable and reproducible quantitation without the need for off-line sample preconcentration.
The on-line LC-GC method used here allows the monitoring of components at ppb concentrations in aqueous samples. To ensure proper liner and column stability, the introduction of even trace amounts of water should be avoided.
PPb.
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